Objective: Find the optimal continuous electroencephalographic (CEEG) monitoring duration for seizure detection in critically ill patients. Methods: We analyzed prospective data from 665 consecutive CEEGs, including clinical factors and time-to-event emergence of electroencephalographic (EEG) findings over 72 hours. Clinical factors were selected using logistic regression. EEG risk factors were selected a priori. Clinical factors were used for baseline (pre-EEG) risk. EEG findings were used for the creation of a multistate survival model with 3 states (entry, EEG risk, and seizure). EEG risk state is defined by emergence of epileptiform patterns. Results: The clinical variables of greatest predictive value were coma (31% had seizures; odds ratio [OR] 5 1.8, p < 0.01) and history of seizures, either remotely or related to acute illness (34% had seizures; OR 5 3.0, p < 0.001). If there were no epileptiform findings on EEG, the risk of seizures within 72 hours was between 9% (no clinical risk factors) and 36% (coma and history of seizures). If epileptiform findings developed, the seizure incidence was between 18% (no clinical risk factors) and 64% (coma and history of seizures). In the absence of epileptiform EEG abnormalities, the duration of monitoring needed for seizure risk of <5% was between 0.4 hours (for patients who are not comatose and had no prior seizure) and 16.4 hours (comatose and prior seizure). Interpretation: The initial risk of seizures on CEEG is dependent on history of prior seizures and presence of coma. The risk of developing seizures on CEEG decays to <5% by 24 hours if no epileptiform EEG abnormalities emerge, independent of initial clinical risk factors.
lectrographic seizures occur in approximately 20% of critically ill patients undergoing continuous electroencephalogram (CEEG). Most occur without overt clinical signs and can only be reliably identified with CEEG monitoring. 1 An increasing list of studies indicates that these seizures exert adverse hemodynamic and metabolic effects on the brain and are associated with unfavorable outcome. [2] [3] [4] [5] [6] Accordingly, current guidelines from various professional societies [7] [8] [9] [10] [11] [12] recommend that CEEG be performed in critically ill patients with acute brain injuries and impaired mental status, or with unexplained or fluctuating encephalopathies. The first seizure recorded during CEEG can be delayed by several hours or days, so recommendations are to monitor patients for at least 24 hours if they are not comatose and 48 hours if they are comatose. Systematic detection of electrographic seizures with CEEG requires time from electroencephalographic (EEG) technologists and clinical neurophysiologists as well as financial support from payers. 13, 14 This constitutes a barrier to the development of CEEG monitoring programs, especially in resource-limited settings. Prior studies sought to identify means to reduce the burden of CEEG. A first line of studies investigated quantitative EEG analysis and time-compressed EEG displays to decrease reviewing time. 15, 16 Although successful and already implemented in some institutions, such approaches do not reduce the need for personnel and technical supply. A second group of studies aimed to identify a subgroup of high-risk patients on whom to focus CEEG efforts. These studies relied on clinical factors, such as a history of epilepsy, coma, and clinical seizures prior to monitoring, 1, 17 early EEG findings that are detected prior to electrographic seizures, or a combination of both. 7, [17] [18] [19] A first issue with these studies is that they did not consider all the known EEG risk factors for electrographic seizures. 1, 17, 18, 20, 21 Some were performed in highly selected populations. 19 Another limitation in most prior studies is the failure to account for subject dropout, which might underestimate the risk of further seizures, especially in those considered to be at low risk clinically (because they receive shorter monitoring). In practice, if epileptiform discharges are noted during CEEG, many interpreting physicians tend to continue monitoring longer. A longer duration of monitoring increases the chance of capturing a seizure. This is true even if the epileptiform discharges do not modify the risk of seizures at all-leading to false correlations and self-fulfilling prophecies. A somewhat different but related error is the overestimation of incidence of seizures at later time points. Patients with a high clinical suspicion of seizures are on CEEG longer than those with a lower risk, independent of EEG findings. This bias will increase the proportion of high-risk patients at later time points and result in an overestimation of the risk of seizures at later time points. A principled approach to address the problem of subject dropout as described above is survival analysis. Survival analysis has been applied to this problem on 2 previous occasions. 17, 18 In both studies, it was shown that the risk for seizures decays more rapidly than previously suspected, giving credence to the hypothesis of overestimation of seizure risk with long monitoring. However, their analyses did not account for the emergence of EEG risk factors during monitoring and how this affected the subsequent risk of seizures. The purpose of this study was to develop models for the time-dependent risk of electrographic seizures in critically ill patients as a function of baseline clinical risk factors and of abnormalities that may emerge during EEG monitoring. Such models provide a way to personalize the duration of EEG monitoring based on a patient's specific baseline risk factors and EEG findings. Multistate survival analysis provides a principled framework for our analysis. 22 
Subjects and Methods

Subjects
Following institutional review board approval, the enrolling institutions (Yale New Haven Hospital and Erasme Hospital, Free University of Brussels) prospectively entered consecutive adult (age 16 years) subject data into an anonymized database between October 1, 2014 and September 30, 2015. To ensure adequate seizure detection and to mitigate bias, CEEG recordings of <24-hour duration and those that were interrupted for >2 hours (consecutive or not) were excluded. Patients with postanoxic coma were excluded as well, as the clinical significance of seizures is often ambiguous in this setting and may differ from the broader intensive care unit population. 23 An inclusion/exclusion flowchart is provided in Figure 1 .
Clinical Variables
The following binary variables were prospectively collected from medical charts and discussion with the clinical team at CEEG onset, as part of routine clinical practice: gender, presence of acute brain injury, history of remote brain injury, history of epilepsy (defined as diagnosis of epilepsy prior to the current admission), witnessed acute clinical seizures prior to CEEG (either during or immediately prior to the current admission, as reported by the treating physicians), coma (defined as lack of purposeful responses, including to noxious stimulation) at time of CEEG, and focal neurological deficit at time of CEEG. Ordinal discrete variables included age (in years) and duration of monitoring (in hours).
EEG Variables
CEEG was performed as clinically indicated using 21 electrodes placed per the 10-20 international electrode system. At both institutions, CEEGs are performed to rule out electrographic seizures in patients with partly unexplained alteration of consciousness. EEGs were reviewed and scored for this study by 1 of the authors (G.O., N.R., or N.G.) according to the American Clinical Neurophysiology Society Critical Care EEG Terminology, 24 which shows an almost perfect inter-rater reliability for the patterns used in this study. 25 Prior to the study, all 3 EEG scorers first passed a standardized certification test provided by the Critical Care EEG Monitoring Research Consortium to ascertain their ability to use the terminology and to ensure adequate levels of inter-rater agreement in applying the terminology. We reported the presence and time of emergence (in minutes from onset of EEG recording) of periodic and rhythmic patterns, sporadic epileptiform discharges, brief potentially ictal rhythmic discharges (BIRDs), 20 and seizures. 24 
Statistical Analysis
Variable selection for use in the multistate survival analysis was performed separately for EEG (time-dependent) and clinical factors (time-independent). Clinical features associated with seizures were first identified using chi-square or Fisher exact test for categorical variables and Mann-Whitney U test for ordinal variables, with an unadjusted alpha of 0.05. Multivariate logistic regression was then employed to determine the clinical risk factors independently associated with seizures that were further used for the survival analysis. The EEG factors used to define the "EEG risk state" were selected a priori based on large cohort studies showing an association of these factors with seizures. 1, 20, 21, 26 Their association was confirmed in the study dataset using chi-square or Fisher exact test and time-dependent survival analysis to ensure time dependency did not affect the results. The EEG factors were combined into a single factor to simplify the prediction model and increase the effect size. Specifically, EEG patterns predictive of seizures were combined to create a single risk state with multiple different EEG findings qualifying as single-entry criteria. Multistate survival analysis is an extension of standard survival analysis. The primary difference is the presence of more states. In standard survival analysis, the primary goal is to estimate the hazard rate. The hazard rate is the instantaneous chance that a subject would transition from one state to another, that is, alive to dead or healthy to ill. Where in standard survival analysis this can be defined using a single rate, in multistate survival analysis, a rate needs to be estimated for each potential transition. Typically, this is represented as a matrix, commonly called the transition matrix. The simplest of these, and the one used in this model, allows for only 3 states-in our case, entry, EEG risk, and seizure. The transitions allowed are entry to EEG risk, entry to seizure, and EEG risk to seizure. This is often referred to as an illness death model. Importantly, transitions back from EEG risk to entry or from seizure to the either of the other 2 states are not allowed, hence the death in the illness death model. This simplifies the model, because only 3 rates in the transition matrix need to be estimated (still much greater than the one). Another simplifying assumption used in this analysis is the Markov assumption. This means that the transition rate is not dependent on the prior states or on the time within any given state. Similar to standard survival analysis, factors such as gender and treatment that could modify the hazard rate can be considered. Whereas in standard survival analysis only 1 coefficient needs to be estimated per a binary factor, in multistate analysis a coefficient is needed for every transition possibility. Multistate survival analysis is attractive because it allows for excellent visualization and estimation of how an intervening intermediate state can affect the transition between 2 other states. In contrast, the primary limitation is that the number of parameters needed to be estimated rapidly increases as the complexity of the model increases. Therefore, the number of subjects needed to reliably estimate those parameters also increases nonlinearly; this is the so-called curse of dimensionality. Further reading on multistate survival analysis can be found in Putter et al 2007. 22 We used 3 states for the multistate survival analysis over a time window of 72 hours. The multistate model was used to predict the overall risk of seizures, the risk of seizures after the development of electrographic seizure risk factors, and the risk of seizures as a function of EEG monitoring duration. The 3 states were entry, risk state, and seizure. Transitioning into the risk state required development of at least 1 of the findings identified as conferring increased risk of seizures. These include BIRDs, lateralized periodic discharges (LPDs), lateralized rhythmic delta activity (LRDA), bilateral independent periodic discharges (BIPDs), lateralized rhythmic spike-and-wave (LSW), and sporadic epileptiform discharges. Transitions were allowed only in one direction in the so-called illness death model. 27 In this case, "illness" represents development of EEG risk factors and seizure represents the absorbing "death" state. A 72-hour time window from the start of the recording was utilized to minimize subject dropout and informative censoring. The survival analysis was performed using 2 clinical covariates to define 4 risk categories. These covariates were history of seizure (including both remote and acute) and coma, all found to be independent clinical risk factors (see Results). These covariates were used for calculation of unique hazard function for each state transition using stratified Markov methodology, meaning there was no assumption of proportionality of hazard functions for the different clinical covariates. Multistate survival analysis was performed with bootstrap resampling over 500 trials to calculate 95% confidence bands. Multistate survival analysis was performed with the mstate package in R (R Foundation). 22, 27 Other statistical analysis and modeling was performed with MATLAB 2016a (MathWorks, Natick, MA).
Results
Demographics and Clinical Risk Factors
A total of 1,261 subjects were identified, and 665 were included. Reasons for exclusion are detailed in Figure 1 . 
EEG Risk Factors
LPDs, LRDA, and BIRDs were all associated with electrographic seizures (Table 2) . Sporadic epileptiform discharges, BIPDs, and LSW showed a trend towards an association but were not statistically significant. In the case of BIPDs and LSW, the low prevalence of findings decreased the power of detecting a statistical difference.
Of note, 61 of 151 (40%) electrographic seizures occurred in patients with no periodic, rhythmic, or epileptiform discharges. The presence of LPDs, LSW, LRDA, BIRDs, BIPDs, or sporadic epileptiform discharges define the EEG risk state for survival analysis based on the univariate analysis of this study and previous studies, demonstrating an association of these EEG factors and seizures (see Subjects and Methods). The combined EEG risk state featured an OR for seizures of 2.5 (95% CI 5 1.8-3.7, p < 0.001). Individual CEEG timelines are summarized in the swimmer plot in Figure 2 . Median observed time of seizure emergence (time to first seizure) was 44 minutes (interquartile range 5 1-332 minutes, range 5 0-4,380 minutes), and median observed time of EEG risk pattern (time to first appearance of any epileptiform pattern) was 4 minutes (interquartile range 5 0-103 minutes, range 5 0-5,230 minutes). 
Multistate Survival Analysis
The calculated proportion of subjects in each state during the 72-hour time window from the survival analysis model is presented for each clinical group in Figure 3 (upper panels). The proportion of subjects in each state at selected time points is found in Table 3 .
In further analysis, we examined the decaying risk of seizure versus duration of monitoring and how this risk is affected by the development of EEG findings, as depicted in Figure 3 ( EEG risk factors are more influential in comatose patients regardless of whether they have a history of seizures, as evidenced by the greater width between the seizure decay plots (see Fig 3, lower panels) in the comatose versus noncomatose subjects. BIPD 5 bilateral independent periodic discharge; BIRD 5 brief potentially ictal rhythmic discharge; CI 5 confidence interval; EEG 5 electroencephalographic; GPD 5 generalized periodic discharge; GRDA 5 generalized rhythmic delta activity; LPD 5 lateralized periodic discharge; LRDA 5 lateralized rhythmic delta activity; LSW 5 lateralized spike-and-wave discharge; OR 5 odds ratio; SED 5 sporadic epileptiform discharge; Sz 5 seizures. 
Discussion
We investigated the combined value of clinical and timedependent EEG risk factors for the stratification of risk of electrographic seizures in critically ill patients. We used multistate survival analysis to adjust for differing durations of EEG monitoring on a prospective cohort of 665 patients undergoing CEEG. Univariate and multivariate analysis of non-EEG factors found history of seizure and coma were the most relevant predictors. In terms of EEG factors, we used results from prior investigations, in part confirmed in this study, which found that sporadic epileptiform discharges, LPDs, LSW, LRDA, BIRDs, and BIPDs are predictive of seizures. These EEG factors were combined into a single risk state for the purpose of survival analysis. We found that the yield of CEEG for detecting new development of electrographic seizures declines quickly if clinical and EEG risk factors are not present; even with these factors, the yield decays exponentially if the EEG remains negative for these epileptiform patterns.
Compared to prior survival analysis, there was a similar incidence of seizures of 23% overall. This incidence is slightly higher than in large case series of CEEG in critically ill patients, 1 likely because we excluded
CEEGs that were stopped before 24 hours. The projected risk of seizure without epileptiform discharges fell to <5% within 2 hours in a prior study, 17 compared to between 4% and 16% at 1 hour in this study, depending on the presence of clinical risk factors.
Compared to this study, ours included a more comprehensive set of EEG risk factors and excluded patients with a duration of monitoring < 24 hours, thus mitigating the bias of self-fulfilling prophecy due to early dropout. Our study accounts for pre-EEG clinical risk factors to stratify the risk and importantly utilized the time dependence of the emergence of EEG factors to modify the risk during the course of the EEG. Our study also used a larger database. In terms of clinical and electrographic risk factors for seizures, the results of the current study are similar to a larger multi-institutional cohort of > 4,000 subjects. 26 The mixture of underlying etiologies was also similar to prior CEEG cohorts. 1, 18, 26 Although multistate survival is an improvement over previous methodologies, it has limitations. First is the selection of subjects. This cohort of patients is from 2 tertiary care hospitals with wide use of CEEG. These results may not hold true in a hospital with a different mixture of pathologies and differing use of CEEG. Nonetheless, the demographics, including prevalence of coma and prior seizures, and the rate of electrographic seizure in this cohort are similar to many prior publications. 1, 6, 19, [28] [29] [30] [31] [32] [33] [34] A second major limitation is inherent to survival analysis methods. Survival analysis accounts for the effects of subject dropout, but if the subjects who drop out are systematically different from the subjects who stay in, informative censorship can bias the resulting model. To limit the impact of this potential problem, we limited the monitoring sessions to 72 hours, similar to previous studies on this subject. 17, 18 Third, despite the size of our cohort, we were unable to stratify EEG risk beyond a single state. Different EEG patterns portend a variable risk of seizures, which is largest for BIRDs and LPDs and smallest for sporadic epileptiform discharges. 1, 20, 21, 26 Further studies, necessarily of larger size, should attempt to refine this initial model by stratifying the EEG risk state to provide more precise prediction for each category of EEG pattern. Accounting for other features of abnormal EEG patterns may be important as well, such as prevalence (eg, occasional vs frequent vs abundant) or frequency. 26 Coma was defined as a lack of purposeful response to noxious stimulation. This differs from previous studies that have defined coma on the basis of the clinical scores, mainly the Glasgow Coma Scale (GCS). We believe that our definition, which is adapted from seminal texts in the field, 35, 36 is both simple and practical, and circumvents most of the known shortcomings of the GCS, in particular the limitations of the verbal assessment in intubated or aphasic patients. 37 Finally, we combined history of epilepsy and acute clinical seizures into a single clinical variable.
With more subjects, it should be feasible to incorporate their respective values independently, that is, by creating more clinical subgroups. This study uses a state-of-the-art statistical method to approach a practical yet pernicious question at the core of CEEG in critically ill patients. The results of this study provide practitioners a simple quantitative rubric for the probability that a patient will have a seizure during the next 72 hours of CEEG monitoring with only 4 Data are presented numbers in parentheses representing 95% confidence intervals from bootstrap resampling. EEG risk state in this context refers to subjects who develop the EEG findings of lateralized periodic discharges, bilateral periodic discharges, lateralized rhythmic discharges, lateralized spike wave, sporadic epileptiform discharges, and/or brief ictal rhythmic discharges. a Number of subjects in each category in brackets is the number who developed an EEG risk factor. pieces of data: has the patient had seizures previously, is the patient comatose, how long has the patient been on CEEG monitoring, and are there any EEG risk factors during CEEG so far.
Despite the limitations acknowledged above, this approach can potentially translate into a substantial increase in cost-effectiveness of CEEG in critically patients, a procedure associated with substantial burden and cost. This study only addresses the use of CEEG for seizure detection; other indications of CEEG, such as postcardiac arrest prognosis and ischemia monitoring, require different monitoring durations.
Conclusions
The risk of seizures during CEEG is higher in patients with a history of seizures and coma. The risk of developing seizures decays rapidly if no epileptiform EEG patterns (LPDs, BIRDs, LRDA, BIPDs, and sporadic epileptiform discharges) or seizures emerge. The duration of CEEG monitoring could be tailored to each patient's risk factors based on a combination of clinical and electrographic risk factors to match CEEG monitoring to that patient's risk profile. Broadly speaking, to obtain a <5% risk of seizure, patients can be divided into 3 categories: (1) patient is not comatose, no history of seizure, and no EEG risk factors: 24 minutes of EEG will suffice; (2) patient either has a history of seizure, is comatose, or has an EEG risk factor: 24 hours of monitoring is indicated; and (3) patient has both a history of seizure and is comatose with an EEG risk factor: at least 48 hours of monitoring is reasonable.
The ability to do so moves the field of CEEG monitoring closer to the ideal of "precision medicine," and can contribute to efforts to optimize the use of CEEG resources. These findings should be validated in prospective studies.
